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Previous studies have used neutron diffraction to elucidate the hydration of the ceramide and the
phosphatidylcholine headgroup in solution. These solution studies provide bond-length resolution
information on the system, but are limited to liquid samples. The work presented here investigates
how the hydration of ceramide and phosphatidylcholine headgroups in a solution compares with that
found in a lipid bilayer. This work shows that the hydration patterns seen in the solution samples pro-
vide valuable insight into the preferential location of hydrating water molecules in the bilayer. There
are certain subtle differences in the distribution, which result from a combination of the lipid confor-
mation and the lipid-lipid interactions within the bilayer environment. The lipid-lipid interactions in
the bilayer will be dependent on the composition of the bilayer, whereas the restricted exploration
of conformational space is likely to be applicable in all membrane environments. The generalized
description of hydration gathered from the neutron diffraction studies thus provides good initial
estimation for the hydration pattern, but this can be further refined for specific systems. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4952444]
I. INTRODUCTION
Lipid bilayers are an important component of any living
system and have specifically evolved to maintain the contents
of cells and organelles. Where once membranes of cells were
thought to be a passive environment in which proteins resided
and functioned,1 in the last 20-30 years there has been a rapid
expansion in the understanding of the range and complexity
of the roles of lipid functionality in the membranes.2–5 For
example, lipids are essential in the regulation of blood vessel
permeability,6 blood clotting,7,8 diabetic nephropathy,9 and
apoptosis.10
One particularly fascinating aspect of lipid behavior is the
effect that hydration has on lipid function.11–13 For instance, in
the stratum corneum, it is important to regulate hydration such
that the skin can act as an effective barrier.14–17 The importance
of hydration is highlighted by the fact that when cells become
dehydrated, they modify their membrane composition to retain
suitable fluidity.18,19 Due to the partially hydrated nature of
the bilayer headgroup region (existing between bulk water
and the hydrophobic lipid tails) the lipid-lipid interactions in
the headgroup region play a large role in determining the level
of hydration that is experienced.20,21 The hydration of the
lipid headgroups in the membrane environment is therefore a
complex interplay of the availability of the water, the way in
which the lipids are packed into the bilayer and the affinity
that each moiety of the headgroup has for interaction with
water.
The phosphatidylcholine (PC) headgroup is one of the
most common in human brain, umbilical cord endothelial
a)chris.lorenz@kcl.ac.uk
b)sylvia.mclain@bioch.ox.ac.uk
cells and indeed a large range of non-bacterial cells.22–24
The sphingolipid ceramide is a major component of the
skin25 and is involved in many cellular processes, such
as signalling,26 and is implicated in membrane regulation
through lipid flip flop.27 Additionally, both of these lipids
have been shown to act as biomarkers for Alzheimer’s
disease.28,29
In the current work, the levels of hydration and the
location of the water in three-dimensional space around
the headgroup within a bilayer has been assessed on the
atomic length scale. Importantly, the hydration of specific
headgroup moieties has been further compared to previous
investigations on the atomic scale hydration of both ceramide30
and phosphatidylcholine (PC) headgroup in solution.31–33
These previous investigations have been benchmarked by
experimental measurements outside the bilayer environment,
as in solution—in the absence of aggregation—the local
structure of lipid headgroup hydration is more easily
accessible. The lipid-lipid interactions and the conformation
of the lipid molecules in the bilayer are considered as a means
for determining the driving forces for the difference in the
hydration of the lipids in the bilayer compared with those in
solution.
II. METHODS
A. Molecular dynamics simulations
A series of simulations were performed on
five lipid bilayers containing different ratios of 1,2-
dioleoylphosphatidylcholine (DOPC) and ceramide. Each
contained a total of 200 lipids with molecular ratios of
99:1, 49:1, 19:1, 9:1, and 4:1 DOPC:ceramide. The lipids
0021-9606/2016/144(22)/225101/15/$30.00 144, 225101-1 Published by AIP Publishing.
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were evenly distributed between the two leaflets of the
bilayer, and no lipid flip-flop was observed on the time
scale of this simulation. The simulations were carried out
using the molecular dynamics (MD) simulation program
LAMMPS.34 CHARMM (C36) potentials35 were used for the
DOPC and a recent model,36 based on CHARMM was used
for the ceramide whilst water was modelled using the TIP3P
parameters.37,38 The analysis presented here focuses on the
simulation of the bilayer containing 180 DOPC molecules
and 20 ceramide molecules, whilst the remaining bilayers
are used for analysis of the bulk properties. This lipid ratio
was chosen to produce a liquid disordered bilayer, based
on previous experimental work.39–41 The bilayer was solvated
with 9200 water molecules. The bond lengths and angles of the
water molecules, as well as the hydrogen containing bonds
in the lipid molecules were constrained using the SHAKE
algorithm.42 The system was equilibrated under NVE and
NVT conditions prior to running under an NPT ensemble
at 310.5 K and 1 atm for 100 ns. A time step of 2.0 fs
was chosen, as is typical for an atomistic simulation using
a velocity Verlet integrator. The van der Waals interactions
were cut-off at 12 Å, with the energy and force smoothly
ramped to zero between 10 Å and 12 Å. The PPPM
algorithm43 was used to compute the long-range Coulomb
interactions. The final 90 ns of the simulations were used for
analysis.
In order to put the current findings into context, the
analysis of this work is compared with previous simulations
from two recent papers. The hydration of the DOPC
headgroup in solution has been investigated through the study
of the lipid C3-PC dissolved in water31 and the hydration
of ceramide was investigated using a system containing
ceramide, chloroform, and water.30 In both cases the previous
work was compared with experimental data, from neutron
diffraction and NMR experiments. The excellent agreement
with experimental data in both cases provides validation of
the force fields used here for these molecules.
B. ANGULA analysis
In order to assess the three-dimensional arrangements
of molecules relative to one another, a program called
ANGULA has been developed.44,45 By assigning a set of
orthogonal Cartesian axes to different parts of the molecules—
in this instance the ceramide and DOPC headgroups and
the water molecules—the location of neighboring molecules
in 3-dimensional space relative to a particular moiety of a
central molecule can be obtained. The resulting density of
neighboring molecules can then be plotted as an isopycnic
surface (connecting points of the same density) where this
surface marks regions in space where the probability of
finding neighboring molecules is above a certain threshold.
The highest density of neighboring molecules is subsequently
plotted46,47 in the form of Spatial Density Maps (SDMs).48,49
In the work presented here, five coordinate systems were
placed on each DOPC headgroup, three on each ceramide head-
group and one on each of the water molecules. These coordinate
systems are used as a frame of reference to generate summed
interaction patterns for the location of molecules around the
defined groups on the lipids. The location of the coordinate
systems is listed below and further details are provided in the
supplementary material including a graphical representation of
the location of the coordinate systems in Fig. S1 and S2.60
The labelling system used throughout this work is as
follows:
• DOPC:
– the “first ester” which is on the 1- position of the
glycerol, furthest from the headgroup (on the right
hand side of the DOPC molecule in Figure 1);
– the “second ester”—the 2- position (on the left in
Figure 1);
– the phosphate group (PO−4);
– the CH2 group next to the N1D nitrogen (C1D and
two H0D);
– the onium group (N(CH3)+3).
FIG. 1. The chemical structures of (a) ceramide and (b)
DOPC, outlining the labelling scheme used to describe
the different atoms throughout this text.
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• Ceramide:
– the amide group;
– the “first hydroxyl” closest to the amide (O1C and
H2C);
– the “second hydroxyl” further from the amide (O2C
and H3C).
• Water:
– the central oxygen.
III. RESULTS AND DISCUSSION
A. Area per lipid
The CHARMM (C36) force field provides a good
representation of the area per lipid in a pure DOPC bilayer.35
In addition the ceramide model used here was tested to ensure
that the chain melting temperature and the area per lipid in the
gel phase are in agreement with experimental measurements.36
However, it is not clear whether this agreement would extend
to a mixed lipid system. Ceramide has a propensity to condense
bilayers and at high ceramide concentrations a gel phase would
be observed at physiological temperatures. In order to assess
whether there is a marked contraction in the bilayer, which
would be concomitant with the formation of a gel phase, a
number of methods are available to estimate the contribution of
each lipid species to the cross-sectional area of the bilayer.50,51
Given that a set of bilayers with a range of concentrations
of ceramide (1% to 20%) have been simulated, the partial
specific area analysis proposed by Edholm and Nagle can be
used (Fig. 2).52 By considering the series of simulations, the
contribution of each lipid species can be calculated through
a linear regression analysis for the relationship between
Area/NDOPC and Ncer/NDOPC, where NDOPC and Ncer are the
number of DOPC and ceramide molecules in the bilayer
respectively. According to the equation
A(x)
NDOPC
= aDOPC(x) + x1 − x acer(x), (1)
where A(x) is the total area of the bilayer, x is the mole fraction
of ceramide in the bilayer, and aDOPC and acer are the area
FIG. 2. The contribution of each lipid species in a bilayer can be estimated
using the partial specific area analysis method proposed by Edholm and
Nagle.52
per lipid contributions of DOPC and ceramide, respectively.
The bilayer lies in the x y plane of the simulation box and so
A(x) can be extracted from the average box lengths over the
course of the simulation. The regression results in estimates
of aDOPC = 69.9 Å2 and acer = 36.2 Å2. The straight line fit to
the data with an R2 value of 1.00 indicates that these values
provide a good estimate for the partial specific area across
the range of ceramide concentrations considered here. There
is no deviation from these values as would be expected were
there to be the formation of a gel phase at higher ceramide
concentrations.
In addition, a Voronoi analysis was performed using
the VMD plugin, Membplugin,53 on each of the simulation
systems in isolation, giving a value for each system for both
DOPC and ceramide. These values fall in the range of aDOPC
= 65.7–69.6 Å2 and acer = 52.7–54.7 Å2. Although the
Voronoi analysis gives a larger estimate for ceramide and
a smaller estimate for DOPC—likely because the Voronoi
analysis does not correct for the fact that the areas may
impinge upon one another51—it shows that the area per lipid
is consistent across the range of ceramide concentrations and
thus confirms that all of the simulations are of fluid bilayer
systems and there is no gel formation at high ceramide concen-
trations. See the supplementary material for further details and
a graphical representation of the Voronoi data in Fig. S3.60
B. Lateral density profiles
The hydrophobic nature of the lipid bilayer interior results
in a water concentration gradient across the lipid headgroup
region, from a high concentration of water in the bulk liquid
to a virtual absence of water in the acyl tail region. The
hydration of any lipid headgroup moiety is therefore related
to both the depth at which the headgroup is located within
the bilayer as well as the affinity for the available water
relative to the competing lipid-lipid interactions. Figure 3(a)
shows the lateral density profile for the DOPC:ceramide
bilayer simulation, with the density of lipid atoms plotted as
a function of the distance (along the bilayer normal) from
the bilayer center. Due to the low concentration of ceramide
in the bilayer, the profile is plotted on a logarithmic scale to
aid viewing (see Fig. S4 of the supplementary material for
a plot on a linear scale).60 As expected, the water density
(cyan line; Fig. 3(a)) drops away rapidly from the bulk
concentration outside the bilayer to approximately zero as the
density of the lipid tails (DOPC-black and ceramide-purple)
increases. The grey curves in Fig. 3 show the location of
the DOPC headgroup - defined as all atoms above the ester
group (including the carbonyl; see supplementary material for
a full list of atom groupings).60 It is clear that the DOPC
headgroup is located further away from the bilayer center than
the ceramide headgroup (magenta line). Although the water
density begins to decrease in Fig. 3(a) as the lipid density
starts to increase, the vast majority of the DOPC headgroup
region is hydrated to some extent.
Given that the headgroup of ceramide is much smaller
than that of DOPC, it is not surprising that the distributions
do not cover as wide of a range of z-values as the DOPC
headgroup in Fig. 3(a). In order to gain more insight into
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FIG. 3. Density profiles showing the distribution of different parts of the
molecules along the z-coordinate (normal to the bilayer). DOPC is shown
in grey and black and ceramide is shown in magenta and purple. (a) shows
the density as a function of position in the z direction away from the center of
the bilayer on a logarithmic scale to aid viewing, (b) shows the breakdown of
the ceramide headgroup, and (c) shows a breakdown of the DOPC headgroup.
(a) log10 density profile. (b) Ceramide headgroup atoms. (c) DOPC headgroup
moieties.
the hydration and location of the specific moieties of the
ceramide molecule, the headgroup density peak can be split
into its constituent atoms and this is shown in Fig. 3(b). It is
interesting that the amide group atoms’ distributions (HnC,
N1C, C2C, and O2C—shown in purple/pink) are all in the
same z-range. This suggests that the plane of the amide group
lies perpendicular to the z direction, i.e., the amide lies parallel
to the plane of the membrane. This can also be seen by visual
inspection of the simulation trajectory. The second hydroxyl
group (O2C and H3C—shown in green) resides at a similar
distance from the bilayer center to the amide group, whilst
the first hydroxyl (O1C and H2C—shown in red/orange) sits
closer to the bulk water.
Similarly, the DOPC headgroup is divided into the
different functional groups in Fig. 3(c). If the headgroups of
the DOPC molecules were completely extended it would be
expected that the ester group (O3D and O4D—red) would be
towards the inner edge of the grey distributions (∼10–20 Å),
the phosphate oxygen atoms (orange) further away, and the
onium group (blue) furthest from the bilayer center—at the
outer edge of the grey distribution (∼20–30 Å). This is broadly
what is observed in Fig. 3(c), except that rather than all of the
onium density being located at the outer edge of distribution,
it extends to overlap the phosphate and ester distributions.
It has been previously shown that the phosphate and onium
moieties of the phosphatidylcholine headgroup interact,20,21
which leads to the onium group bending back away from
the water interface, such that it would be found closer to
the bilayer center than it would be were it to adopt a fully
extended conformation. In terms of the hydration of DOPC,
the water gradient across the headgroup means that there is
more water available for the hydration of the onium group
than the ester.
C. Conformation of ceramide
When comparing the hydration between the solution and
bilayer environments, a key factor is likely to be the molecular
conformation of the lipids in question. In solution, the lipid
tails are able to extend out in any direction, leading to the
ceramide molecules adopting a range of conformations, with
the tails close together or splayed apart. However, within a
bilayer, the tails must remain close to one another, as they
are confined to the hydrophobic acyl core. The site specific
hydration will be dependent on the conformation as, in certain
conformations, parts of the ceramide molecule will block
the access of water to other regions of the headgroup—such
as through the formation of an intra-headgroup hydrogen
bond. In order to compare the conformation of the ceramide
molecules, RDFs for intra-molecular headgroup interactions
are shown in Figure 4 along with those from the previous
investigation of ceramide in solution.30
The intramolecular RDFs show similar distributions of
distances for both of the simulations, suggesting that the
conformation of the ceramide headgroup does not dramatically
change upon insertion into a bilayer. There are, however, some
exceptions to this, most notably the HnC–O2C RDF (Fig. 1),
where there is a greater proportion of large distances relative
to ceramide in solution. In order to quantify the proportion
of molecules in each conformation, coordination numbers are
calculated by the integration of the RDFs via
nβα(r) = 4π ρ cβ
 rmax
rmin
r2 gαβ(r) dr, (2)
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FIG. 4. Intramolecular RDFs showing the distribution of distances between
different parts of the ceramide headgroup. The RDFs are shown for ceramide
within a bilayer (red) and for ceramide dissolved in chloroform (blue).
such that a peak at higher r represents a more significant
population than a similar sized peak at lower r values.
In solution, the number of molecules with HnC–O2C
distances of∼2.5 Å and∼4.0 Å are relatively evenly populated
(70% of molecules are at a distance greater than 3.45 Å),
while in the bilayer the distribution is more distorted with
93% of molecules adopting the larger distance. Similarly,
the O0C–H2C RDF also indicates a difference in headgroup
conformation. In solution 63% of the molecules adopt a
distance longer than 3.25 Å, which increases to 83% in
the bilayer. In both environments more than half of the
molecules adopt the conformation with the larger distance,
but the distribution is more distorted in the bilayer, such that
the shorter distances are much less common. These distance
ranges can be used to investigate the effect of conformation
upon hydration, by selecting subsets of ceramide molecules
with intra-molecular distances of a certain length. An example
of this analysis is shown in Fig. S5 of the supplementary
material.60
In Section III B it was shown that the amide group
was oriented parallel to the plane of the bilayer (the x y
plane of the simulation box) and with the first hydroxyl
group (OC1; Fig. 1) closer to the bulk water than the second
(OC2). With this in mind, if both of the distances (HnC–O2C
and O0C–H2C) observed in the intramolecular RDFs are
shortened, the combination of these distances results in the
lipid tail being directed across the bilayer or towards the bulk
water. The location of the unsaturated carbons (near to the
second hydroxyl group) means that this directional preference
would be propagated further down the chain, making it very
unfavorable. This explains why these conformations are less
likely to be found in the bilayer simulation.
D. Hydration of the ceramide headgroup
Due to its much smaller headgroup, ceramide (Figure 1)
is significantly less soluble in water than DOPC and as a result
it is not feasible to dissolve ceramide in water.54 Therefore, the
system that was used to investigate the hydration of ceramide
in solution was a chloroform solution with a small amount
of water (∼0.6 water molecules per ceramide) added.30 As
a result, the density of water molecules in the bilayer and
the solution systems is very different and the ceramide in the
current bilayer study is significantly more hydrated compared
with the previous investigation of hydration of ceramide
in solution. The different water densities lead to different
normalisation of the RDFs for water around the various
atoms of the ceramide headgroup in Figure 5 and so it was
necessary to scale down the solution RDFs by a factor of 40,
in order to be able to compare them on the same axes. Despite
the higher hydration in the bilayer systems, the RDFs are
similar to those observed for the ceramide:chloroform:water
FIG. 5. RDFs showing the hydration of the ceramide headgroup in two
environments: in chloroform and water (blue) and incorporated into a DOPC
bilayer (red). The RDFs for the solution simulation have been scaled down
by a factor of 40, so that they can be viewed on the same scale as the bilayer
RDFs.
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TABLE I. Coordination numbers for oxygen and hydrogen of water around
different atoms of the ceramide headgroup. The distance at which the coor-
dination number was calculated is listed in brackets and corresponds to the
first minimum of each RDFs from Figure 5. The error estimates shown are
based on the uncertainty in the value of r used to calculate the coordination
number and do not reflect the uncertainty in the arrangement of atoms within
the simulation box.
cer/l3/2 /cer bilayer
O0C-Hw 0.112 (2.45 Å) 1.32 ± 0.08 (2.55 Å)
HnC-Ow 0.015 (2.95 Å) 0.69 ± 0.08 (2.95 Å)
O1C-Hw 0.029 (2.45 Å) 0.76 ± 0.09 (2.45 Å)
H2C-Ow 0.013 (2.45 Å) 0.60 ± 0.10 (2.55 Å)
O2C-Hw 0.011 (2.45 Å) 0.54 ± 0.10 (2.45 Å)
H3C-Ow 0.014 (2.65 Å) 0.46 ± 0.04 (2.55 Å)
solutions. Not only are the peak positions similar for these
RDFs but the hydration appears to be largely concentrated
around the amide oxygen, with the first hydroxyl (O1C and
H2C) experiencing higher levels of hydration compared with
the second hydroxyl (O2C and H3C), with the trend in
oxygen hydration matching that seen in solution—i.e., O0C
> O1C > O2C. The trend of ceramide headgroup hydration is
highlighted by the coordination numbers shown in Table I for
ceramide in both the bilayer and in solution.
Due to the low ratio of water molecules to ceramide
molecules in chloroform/water solutions, the coordination
numbers are at least 10 times higher for the hydration of the
bilayer. The trend of coordination across the three oxygen
atoms is retained (O0C > O1C > O2C), but the increase in
hydration in the bilayer relative to the solution is not uniform.
For example, the carbonyl hydration is twelve times greater
in the bilayer, but the second hydroxyl oxygen atom (O2C)
and amide hydrogen atom (HnC) show close to a fifty fold
increase in the coordination. This discrepancy is likely to be
related to the increased intramolecular distance between the
HnC of the amide and the second hydroxyl group (Fig. 4),
which provides space for water molecules to interact.
The RDFs provide a convenient comparison between
the two systems, but lack any three-dimensional information
about the location of water molecules, for this purpose SDMs
are shown in Figure 6. The SDMs are comprised of three
components. Firstly, the segment of the molecule around
which the coordinate system is defined is shown in the center
of the map. The second feature is cross-sections of the density,
through the origin, which are shown on the three panels around
the back and below the map and thirdly, isopycnic surfaces
containing the areas of highest density are shown. The color
bar gives the density in atoms Å−3 and applies to the panels
and the isopycnic surfaces.
In agreement with the coordination numbers in Table I,
the first hydroxyl group (O1C/H2C; Fig. 6(a)) shows a higher
level of hydration compared with the second hydroxyl group
(O2C/H3C; Fig. 6(b)). Similar to the ceramide headgroup
in solution,30 the water density is symmetrically distributed
relative to the x y-plane in the SDMs with both regions of
water density showing no preference for either the +y or
−y direction. The hydration around the amide group in the
bilayer in Fig. 6(c) shows a distribution of water which is
FIG. 6. SDMs for water around the ceramide headgroup in the bilayer, for
the first (a) and second (b) hydroxyl groups and the amide group (c). The
isopycnic surfaces contain 4% of water molecules in the regions with the
highest density, within 8 Å of the central atom. (a) First hydroxyl hydration.
(b) Second hydroxyl hydration. (c) Amide hydration.
asymmetric. Specifically, the hydration closest to the NH
portion of the amide group shows a preference for hydration
in the +y direction—most clearly seen in the cross sections
on the back panel. Similarly, the hydration of the carbonyl
oxygen is also asymmetric, where there is also a preference for
this group to be hydrated in the +y direction, but in this case
the hydration is also significantly skewed in the −x direction.
In comparison to the ceramide in solution, where there was
a symmetric density of water around the C==O group with
relatively little NH hydration,30 the 3-dimensional hydration
of the amide group in the bilayer is highly asymmetric.
This dramatic shift in the water density surrounding the
amide group for ceramide within a bilayer seems to be a result
of the conformation of the ceramide headgroup, when it is
confined to the lipid bilayer. Fig. 3(b) shows that the amide
is restricted to lying parallel to the plane of the bilayer. This
would result in one side of the amide group facing towards the
acyl chain region of the bilayer and the other facing the bulk
 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  137.73.121.42 On: Thu, 09 Jun
2016 08:25:55
225101-7 Gillams, Lorenz, and McLain J. Chem. Phys. 144, 225101 (2016)
water. Given the lack of water present in the acyl tail region, it
is not surprising that this face of the amide is poorly hydrated
compared to the face which is directed towards the water. This
explains the distortion of the hydration to the +y direction in
the SDM (Fig. 6(c)).
E. Hydration of the phosphatidylcholine headgroup
There are a number sites on the PC headgroup where
water molecules are likely to be located. Figure 7 shows the
hydration RDFs for some of the salient headgroup atoms in
accordance with the labelling scheme shown in Fig. 1. In this
figure, the hydration in the DOPC:ceramide bilayer simulation
FIG. 7. RDFs showing the comparative hydration of the PC headgroup in
two environments: in water solution (black),31 in a bilayer in the presence of
ceramide (red).
is compared with the results from previous MD simulations
of C3 PC in bulk water solvent.31
The hydration of the PC headgroup in both environments
is similar, with the presence of peaks at the same positions in all
of the RDFs in Fig. 7. Overall, the curves for the PC headgroup
are higher in intensity, due (at least in part) to the excluded
volume effect55—which is a result of local density at short
distances being at variance with the bulk density—and from
the fact that the atomic density is different for both systems.
In order to make a more quantitative comparison of the PC
headgroup hydration in these two different environments,
the coordination numbers for the RDFs in Fig. 7 are listed
in Table II. Again, the error estimates are based on the
uncertainty in the distance at which the coordination number
is calculated. In addition to the coordination numbers, the
third column of the table shows the reduction in hydration for
PC in the bilayer as a percentage of the hydration observed
in the bulk solution—calculated by dividing the difference
in coordination number by the coordination number for the
solution.
In both the bilayer and solution systems, DOPC has large
coordination numbers for the hydration of the nitrogen and
phosphorus atoms which are at least partially due to the
large distance ranges (∼6 Å for N1D and ∼3.5 Å for P1D)
over which these numbers are calculated. Water molecules
are unlikely to interact directly with these two atoms in the
PC headgroup, due to their crowded immediate environment,
although the small peak in the H0D-Ow RDF indicates that
there may be some direct interactions between water and the
CH2 group next to N1D. This behavior is similar to what
has been reported for both PC in bulk solution31 and for
acetylcholine in solution.56
As opposed to previous work for the PC headgroup in
aqueous solutions, within the bilayer, the headgroups are in
much closer proximity to one another thus limiting solvent
accessibility. Whilst the ceramide headgroup is confined
to a relatively narrow range of z-values (Fig. 3(b)), the
DOPC headgroup is spread over a larger distance and,
as a result, experiences more marked differences in water
density across the headgroup (Fig. 3(c)). The spread of the
PC headgroup across the water gradient would be expected to
lead to particularly significant reduced hydration in the bilayer
environment for the ester groups.
TABLE II. Coordination numbers for water oxygen and hydrogen around
the phosphatidylcholine headgroup. The distance at which the coordination
number is listed in brackets and corresponds to the first minimum of each
RDFs from Figure 7. The third column shows decrease in hydration seen in
the bilayer relative to that in the solution.
C3—PC/H2O DOPC/cer bilayer % red bil
N1D-Ow 21.16 (5.85 Å) 17.29 ± 1.54 (5.95 Å) 18%
H0D-Ow 0.77 (2.65 Å) 0.82 ± 0.13 (2.75 Å) −5%
P1D-Hw 6.92 (3.55 Å) 6.01 ± 0.49 (3.55 Å) 13%
O1D-Hw 2.38 (2.45 Å) 2.11 ± 0.06 (2.45 Å) 11%
O2D-Hw 0.80 (2.45 Å) 0.72 ± 0.04 (2.45 Å) 10%
O3D-Hw 0.20 (2.45 Å) 0.20 ± 0.05 (2.45 Å) −1%
O4D-Hw 1.25 (2.45 Å) 1.28 ± 0.08 (2.45 Å) −3%
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In order to compare the relative hydration levels of the
different PC headgroup moieties, the third column of Table II
shows the percentage by which the hydration in the bilayer
is lower than that in the solution system. This comparison
shows that the reduction is not uniform across all of the
headgroup moieties, but interestingly it also shows that the
relative decrease in hydration between the two systems is not
solely determined by the distance from the bilayer center.
For example, the N1D atom experiences a large decrease in
hydration (18%) whilst the hydrogen atoms on the neighboring
carbon atom do not show any significant loss of hydration—in
fact there seems to be a small increase in hydration at this site.
This may be related to the large distance range used for the
coordination number of the N1D atom or it could indicate that
the water around the H0D has a strong affinity for the H0D
atoms, causing these water molecules to persist in the bilayer
environment, which may in turn result from this CH2 group
being less involved in lipid-lipid interactions.
The trend in oxygen water coordination (O1D > O4D
> O2D > O3D) is the same when the PC is in a bilayer or
in solution, with the P==O (O1D) and C==O (O4D) oxygens
showing the highest water coordination, whilst the P—O—C
(O2D) oxygens show less hydration, and the C—O—C (O3D)
oxygen atoms the least. The phosphate oxygen is ∼10% less
hydrated in the bilayer than in solution, whilst there is no
significant change in the hydration of the ester oxygen atoms
within the bilayer. The phosphate oxygens (O1D and O2D)
show a comparatively high loss of hydration in the bilayer
(Table II) even though this group is located further from
the hydrophobic region of the bilayer than the ester oxygens
(O3D and O4D), which experience no significant loss of
hydration. This suggests that the dehydration of phosphate
oxygens (O1D and O2D) must be related to their enhanced
interaction with other lipid species as opposed to exclusion
of water in this region—both the P1D of the phosphate and
its associated oxygen atoms (O1D and O2D) show roughly
a 10% reduction in hydration. This, in conjunction with the
comparative hydration of the N(CH3)+3 and its neighboring
CH2 group, suggests that lipid-lipid interactions may play a
more significant role in the site specific reduction in hydration
than the more general dehydration gradient (moving from bulk
water to the acyl interior).
The spatial density maps (SDMs) for the hydration
of DOPC headgroups within the bilayer are shown in
Figures 8 and 9. The hydration of the terminal N(CH3)+3
group in Fig. 8(a) shows a distribution of water molecules
which is very similar to the hydration of the PC headgroup
in bulk solution.31 The hydration pattern can be considered
at three “levels” in the z-coordinate direction around the
onium group. The first level is a region of hydration in the
−z direction, with a patch of water below the three methyl
groups. Moving towards the +z direction, there is a second
level, where three regions of hydration are seen at a similar
z-height to the methyl groups, where the density is located
between the methyl groups. The third location of hydration is
seen in the z direction at a height comparable to the carbon of
the CH2 group connected to the onium nitrogen. The clouds
of density are closer to the nitrogen atom around the —CH2
group, as can be seen in the cross-section on back right hand
FIG. 8. SDMs for water around the DOPC headgroup, showing (a) N(CH3)+3
group, (b) the CH2 group next to N1D, and (c) the PO−4 group. The SDMs
are shown at an isocontour level of 4% of the water molecules within 8 Å of
the central atom, with the exception of the phosphate group which shows 7%
of water molecules. (a) [N(CH3)3]+ hydration. (b) H0D hydration. (c) [PO4]−
hydration.
panel. The first and second levels of hydration between the
CH3 groups are somewhat intuitive, with the water molecules
approaching through the gaps in the methyl groups towards
the nitrogen atom, but it is not clear why there would be three
distinct regions of hydration in this third ‘level’. Consistent
with the H0D-Ow RDF in Fig. 7, this arrangement of water
density suggests that water molecules are tucked between the
nitrogen atom and the choline carbon atoms, similar to the
hydration of the PC headgroup in bulk solution.31 Neutron
diffraction measurements of the amino acid glutamine in
solution also indicate some hydration of CH groups in close
proximity to the terminal NH+3 group in aqueous solutions.
57
It should be noted that in the SDMs the location of the
isopycnic surfaces is only defined relative to the atoms used
to define the coordinate system. Beyond these atoms, the
surfaces will show an average location based on the range of
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FIG. 9. SDMs for water around the ester groups of DOPC, showing (a) the
first ester group hydration (left-hand tail in Fig. 1) and (b) second ester group
hydration (right-hand tail in Fig. 1). The SDMs are shown at an isocontour
level of 5% for all molecules within 0-8 Å of the central atom. (a) First ester
hydration. (b) Second ester hydration.
conformations that the molecules adopt in the simulation. The
coordinate system specified for the N(CH3)+3 SDM (Fig. 8(a))
holds the central nitrogen and the bonded carbon atoms in
place but the CH2 is free to rotate relative to the axis system
(i.e., the hydrogens can adopt any position around the carbon)
and so the density observed in the third level around this
group is in fact an average of the water locations across a
range of conformations around the CH2 group. If the CH2
group underwent completely free rotation, with no preferred
conformation, then this density would be averaged into a ring
of density. The presence of three discrete regions of hydration
indicates that the hydrogen atoms do not randomly sample
all different conformations, but instead are more likely to be
located above the gaps between the methyl groups. In order to
verify this observation, the frame of reference can be moved
onto the CH2 group. This allows a SDM to be plotted with the
CH2 carbon at the center and the hydrogen atoms integrated
into the coordinate system, such that their conformation is
fixed (Fig. 8(b)). It is clear from this figure that the water
molecules are directly approaching the hydrogen atoms of the
CH2 group as there is density directly above hydrogen in the
+z direction as well as above the hydrogen in the −x direction.
The other patch of hydration in the +x direction appears to be
related to water coordination to the P==O oxygen.
The preference for water around the PO4 group is
also seen in the phosphate-water SDM (Figure 8(c)) with
density caps around the P==O (O1D) atoms. Further, there
are some smaller patches of water density around the P—
O—C O2D atoms. Similar to the PC headgroup in bulk
solution,31 the hydration pattern for the phosphate group is
symmetric, indicating that the phosphate portion of the DOPC
headgroup is not oriented across the water concentration
gradient.
Figures 9(a) and 9(b) show the SDMs for both ester
groups from the glycerol tail linkages for DOPC. Specifically,
Fig. 9(a) shows the ester on the 1-position of the glycerol
and Fig. 9(b) shows the ester in the 2-position of the
glycerol. In both of these SDMs there is a significant
amount of density in the +z direction directly above the
carbonyl oxygen atoms (O4D). In both cases this density
is distorted towards the C—O—C oxygens (O3D) in the
−x direction. In addition, both of the ester groups show
hydration below (in the −z direction) the O4D (C—O—C)
oxygen—which can be seen on the left hand panel of the
figure. However, there is a marked difference between the
two esters. Firstly, the patch of hydration below O4D in the
second ester is much more pronounced and secondly the
density of water around both the O3D and O4D oxygen
atoms is severely distorted in the +y direction for the second
ester.
The position of the ester groups on the central glycerol
backbone (occupying the 1- or 2-position) alters the hydration
of these groups. It appears that there are two effects
which combine to alter the hydration of one relative to
the other. Firstly the second ester is slightly closer to
the lipid phosphate group and as such is closer to the
bulk water solvent. The second aspect is similar to the
behavior seen for the amide group in ceramide, where one
side of the moiety faces towards the bulk water solvent
and the other towards the acyl chain region. Being closer
to the rest of the headgroup gives the second ester less
flexibility to orient above the acyl chain region of the tail.
As a result, the ester group can become restricted to lying
parallel to the plane of the bilayer, as there are limitations
to the torsional degrees of freedom between the glycerol
backbone and the acyl tail. The first hydroxyl group has
additional freedom and is further from the phosphate and
onium groups and therefore can adopt a wide range of angles
relative to the bilayer, resulting in a less distorted hydration
pattern.
In addition to the SDMs, the orientation of water
molecules around the DOPC headgroup has been determined.
Figure 10 shows the distribution of two angles φ1 and φ2.
These angles describe how a water molecule approaches a
selected atom in the lipid and the angles are defined such
that if φ1 is less than 90◦ the hydrogen atom side of water
is directed towards the atom in question whilst a φ1 angle
greater than 90◦ then the oxygen is closer to the atom in
question. The second angle φ2 defines the tilt of the water
molecule using the angle between two vectors, the first is from
the solvated atom to the oxygen of water and the second is
between the two hydrogen atoms of the water molecule. The
supplementary material defines both φ1 and φ2 graphically in
Fig. S6.60
The distribution of angles seen here for water approaching
the nitrogen and phosphorus of DOPC are very similar to the
hydration of the PC in aqueous solution.31 The φ1 angle for
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FIG. 10. The distribution of φ1 and φ2 angles for water approaching the
nitrogen and phosphorus atom of the phosphatidylcholine headgroup. (a)
Water orientation around N(CH3)+3 . (b) Water orientation around PO−4 .
the nitrogen is distributed around angles of ∼140◦, indicating
that the oxygen atom is approaching the N(CH3)+3 group, while
around the phosphate group the φ1 angle is centered around
∼50◦ indicating that the hydrogen atom of the water is directed
towards the PO−4 group. In addition, the water interacting with
the PO−4 group shows a much narrower distribution of φ2
angles due to hydrogen bonding from the surrounding water
molecules to the P==O oxygens showing that O · · ·H—O
angle is nearly linear, showing restricted range of hydrogen
bonding angles. For the water molecules around the N(CH3)+3
group on the other hand, the φ2 distribution is fairly broad
indicating that water coordination around this portion of the
PC headgroup is driven by electrostatics rather than by direct
hydrogen bonding interactions.
F. DOPC-DOPC interactions
Due to the abundance of DOPC in the bilayer simulated
here, the majority of the headgroup interactions occur
between DOPC molecules. While there are clearly many
possible interactions which could occur between these lipids,
only the interactions which show the highest densities are
shown by way of SDMs in Figure 11. The supplementary
material provides a more comprehensive set of DOPC-DOPC
headgroup interactions in Fig. S7.
Figs. 11(a) and 11(b) show the first and second ester
group interactions with the onium headgroup of other DOPC
molecules. Interestingly, the second ester group has more
pronounced interactions with neighboring DOPC N(CH3)+3
groups compared with the first ester group, despite their
identical chemical structure. Both ester groups contain an area
of density above the carbonyl oxygen atom and displaced in the
−x direction. However, the second ester interactions are more
FIG. 11. DOPC-DOPC SDMs show-
ing the location of the DOPC nitrogen
around the first (a) and second (b) ester
groups and around the PO−4 group (c).
(d) shows the inverse of plot (c), i.e., lo-
cation of phosphate P atoms around the
N(CH3)+3 group. The SDMs are shown
at an isocontour level of 9% of the
DOPC molecules within 8 Å of the cen-
tral atom. (a) 1st ester–N(CH3)+3 . (b) 2nd
ester–N(CH3)+3 . (c) PO−4–N(CH3)+3 . (d)
N(CH3)+3 - PO−4 .
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localized with most of the density located in the +y direction
and a further band of density located below (−z direction)
the C—O—C linkage. The second ester group Fig. 11(b)
is situated further from the bilayer center and closer to the
N(CH3)+3 group, which explains the higher density of both
onium contacts and hydration (Fig. 9) around this. In addition,
this second ester group has a restricted orientation, due to
its proximity to the PO−4 moiety and as such the N(CH3)+3
density is significantly more distorted in the +y direction,
as one side of these groups is facing towards water layer.
The ester-N(CH3)+3 group interactions suggest that water is
displaced when there is lipid-lipid association around either
of these groups as the SDMs for the hydration of both the ester
groups in Fig. 9 and in Figs. 11(a) and 11(b), show density
shells in similar locations.
Compared with the ester group contacts, the
N(CH3)+3—PO−4 contacts are more pronounced in the SDMs
in Figs. 11(c) and 11(d), where these two figures are the
inverse of one another with Fig. 11(c) showing preferential
locations of the onium group around the PO−4 regions of the PC
headgroup and Fig. 11(d) showing the preferential locations
of PO−4 around the N(CH3)+3 motifs. It is worth noting that, in
Fig. 11(c), the carbon in the +z and +x direction is that of
the glycerol backbone and the carbon on the −x side is that
of the choline headgroup. Interestingly, the N(CH3)+3 density
is largely contained between the two P==O atoms, in a tight
band. This is in stark contrast to the hydration of the phosphate
group (Fig. 8(c)), which shows caps of hydration around the
oxygen atoms. The location of the PO−4 group around the
N(CH3)+3 group (Fig. 8(d)) shows that the association between
these two groups is near the N atom between the methyl
groups, similar to the water hydration of N(CH3)+3 seen in
Fig. 8(a). Combining the information from both Figs. 11(c)
and 11(d), it is likely that this close interaction stems from
the headgroup of the DOPC being in a bent configuration,
such that the N(CH3)+3 group is at a similar distance from the
bilayer center to the PO−4 group. In the lateral density profile
for the different aspects of the DOPC (Fig. 3(c)) there is
significant overlap between these two groups, however there
is also a significant portion of the N(CH3)+3 group further from
the bilayer center than the PO−4 group. The N(CH3)+3 group
is a bulky group, so it is conceivable that part of that group
is tucked down next to a neighboring PO−4 group and the
remainder of the N(CH3)+3 has a greater number of contacts
with water.
Whilst there are similarities between the SDMs for
the hydration (Fig. 8(a)) and the location of the phosphate
group (Fig. 11(d)) around the onium moiety, there are also
differences. The PO−4 coordination to the N(CH3)+3 at the −z
level remains similar to the hydration around this group, with
a region of density in the gap between the three methyl
groups. The second level of water coordination at a similar z
height to the central nitrogen atom is absent for the phosphate
group and instead the third level of coordination (at higher z
values) is more marked compared with the hydration seen
in Fig. 8(a). This is likely a result of steric hinderance
as the PO−4 group being too large to fit in the small gaps
between two methyl groups and instead approaches into
the regions between three methyl groups (directly opposite
the position of the N—C bond on the other side of the
nitrogen).
G. Ceramide-ceramide interactions
The ceramide-ceramide interactions are less pronounced
than the DOPC-DOPC, due to the small amount of ceramide
in the bilayer (10%), which is reflected in the scale bar of the
SDMs. The ceramide molecules do not appreciably aggregate
throughout the course of the simulation (see Fig. S8 of
the supplementary material for a contact analysis).60 The
three sites on the headgroup described in Sec. II were
used for ANGULA analysis, giving nine interaction pairs
for SDM analysis, however the most significant interactions
involve the amide group and specifically the amide group
interaction with the second hydroxyl produces a particularly
high density on the SDM. As a result the location of the
three parts of the ceramide headgroup around the amide group
of nieghboring ceramide molecules is shown in Figure 12,
alongside the inverse figure showing the location of the amide
group around the second hydroxyl group. The full set of
nine SDMs is included in Fig. S9 of the supplementary
material.60
The SDMs in Fig. 12 show the most prominent ceramide-
ceramide interactions, which are between the second hydroxyl
group—the hydroxyl group furthest away from the amide
bond (Fig. 1) and the amide group on neighboring ceramide
molecules. The lateral density profile for parts of the ceramide
headgroup (Fig. 3(b)) shows that the first hydroxyl sits in a
different plane to the amide and the second hydroxyl, which
are located closer to the center of the bilayer resulting from
the constraint imposed upon the conformation of the ceramide
headgroup upon inclusion in the bilayer. In order for the
acyl tails to remain in the bilayer center, the conformation of
the headgroup becomes locked with the amide lying parallel
to the plane of the membrane. Although the conformation
between the amide and the second hydroxyl is constrained,
the C—O bond of the hydroxyl is free to rotate, and the
more extended conformation of the headgroup means that
the amide can be approached from any side. As a result, it
is unsurprising that the distribution of the second hydroxyl
group is similar to the hydration pattern of the amide in the
liquid simulation. It does not contain the same +y distortion
seen in the hydration of the bilayer system, because the
hydroxyl group is restricted to the plane of the amide group.
The density profiles (Fig. 3(b)) showed that the first hydroxyl
group sits closer to the water environment than the amide and
the second hydroxyl moiety, which are in the same plane as
one another. As a result, the coordination numbers for the
hydration of the first hydroxyl group are larger (see Table I)
and the intermolecular interactions of ceramide are dominated
by the amide group and the second hydroxyl group, with the
first hydroxyl group preferentially interacting with the water.
H. DOPC-ceramide interactions
The interactions of ceramide and DOPC show examples of
the behavior that governed the hydration of these headgroups
(Sections III C and III D). For example, there is very little
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FIG. 12. Ceramide-ceramide interac-
tions. These SDM show interaction on
the amide group. Namely, the loca-
tion of amide carbon atoms around the
amide group (a), the first hydroxyl oxy-
gen around the amide (b), the second
hydroxyl oxygen around the amide (c)
and the amide around the second hy-
droxyl (d). The density is plotted for
molecules within 8 Å of the central
atom and the percentage of molecules
enclosed in the isopycnic surface is
shown in brackets in the labels above.
(a) Amide - Amide (8%). (b) Amide—
1st OH (14%). (c) Amide—2nd OH
(7%). (d) 2nd OH—Amide (7%).
density of ceramide headgroup around the phosphate and
onium groups, due to the ceramide position being lower in
the bilayer. This density is greater for the first hydroxyl
group which sits closer to the position of the phosphate and
onium groups. This behavior is also seen in the location of
the DOPC moieties around the regions of ceramide, with the
phosphate group producing the highest density around the first
hydroxyl group of ceramide, whilst the ester groups show the
highest density around the amide and second hydroxyl group.
Similarly the amide group of the ceramide molecule shows
a distorted distribution of onium and phosphate groups, with
the density located on the same side of the amide group as
the water as is seen in Figs. 13(a) and 13(b). Given that the
phosphate and onium groups are located closer to the bulk
water than to the acyl chain, this distortion is unsurprising.
The ester groups do not show the same distortions as the
amide (Figures 13(c) and 13(d)). Moreover, the distributions
of the ceramide amide around the ester groups of DOPC are
not identical, with the first ester showing more density on
the sides (out of the xz-plane), whilst the second ester amide
distribution is more restricted to being in the plane of the ester
group. This is consistent with the amide group being confined
to laying parallel with the plane of the bilayer and the amide
groups being found at a similar height in the bilayer to the ester
groups. See the supplementary material (Figs. S10 and 11)60
for a full set of interaction SDMs for both ceramide moieties
around DOPC and for DOPC around ceramide.
I. Lipid conformation
In addition to the position of the different functional
groups, the work presented here describes constraints on the
conformation of the headgroups as a result of the lipid tails
being confined to the hydrophobic bilayer interior. This limits
the freedom of rotation in the region at the top of the lipid
tails and across the bridging group between the two tails
(the amino alcohol of the ceramide and the glycerol region
of the DOPC). An example of a typical conformation of the
ceramide headgroup and the DOPC headgroup is shown in
Figure 14.
In Fig. 14, the ceramide is oriented such that the plane
of the amide group is parallel to the plane of the membrane
(the x y-plane of the simulation box). Comparing the amide
group in Fig. 14 to the representation in amide hydration SDM
(Fig. 6(c)), the z-axis for the SDM would be pointing into
the page in Fig. 14 (along the C==O bond) and the x-axis
would be pointing from left to right. This means that the
+y direction, where the increased hydration was observed in
Fig. 6(c), would be above the amide, where the bulk of the
water molecules are located in Fig. 14. Similarly, the PO−4 and
N(CH3)+3 groups are seen in the same region of the SDMs for
DOPC around ceramide (Figs. 13(a) and 13(b)), as they are
found further towards the bulk water than the amide group
(Fig. 3).
The DOPC conformation is less directly constrained, but
again the configuration leads to distortions in the density of
surrounding water and lipid molecules around the two ester
groups. In Fig. 14, the left hand tail is on the 1-position of
the glycerol backbone with the first ester further from the
headgroup compared with the second ester on the 2-position.
This seems to restrict the conformations adopted by the
second ester and it leads to there being one face of the
ester looking towards the bulk water, which is evidenced by
the distorted shape of the cloud of water density below the
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FIG. 13. SDMs for interactions be-
tween DOPC and ceramide. The top
row concerns the distribution of DOPC
around the ceramide headgroup—(a)
shows the DOPC phosphate group and
(b) the onium group around the ce-
ramide amide. The bottom row shows
ceramide around DOPC, namely the ce-
ramide amide around the first ester (c)
and second ester (d) of DOPC. A per-
centage (given in brackets) of the sur-
rounding molecules within 8 Å of the
central atom are enclosed in the isopyc-
nic surfaces. (a) Amide—PO−4 (5%). (b)
Amide—N(CH3)+3 (9%). (c) 1st ester—
Amide (7%). (d) 2nd ester—Amide
(6%).
O4D oxygen position in Fig. 9(b). Again comparison of the
orientation of the second ester group in Fig. 14 with the SDM
for that moiety reveals that it is indeed the side facing the
bulk water which is more hydrated. The first ester group,
being further from the headgroup, has enough conformational
freedom to enable a more symmetric distribution of water.
The first ester group seems to sit slightly lower in the
membrane, further from the bulk water which would
explain the decreased interaction with water and increased
interaction with ceramide relative to the second hydroxyl
group.
FIG. 14. Typical conformation of the lipid headgroups when in the bilayer.
DOPC is shown on the left and ceramide on the right hand side of the figure.
The bulk water sits above the headgroups and the hydrophobic interior of the
bilayer at the bottom of this figure. Only two of the lipids from the bilayer and
a subset of the water molecules have been shown for the benefit of clarity.
IV. CONCLUSIONS
The interaction of the lipid headgroups within the bilayer
leads to a complex environment in which the hydration of
the lipids is affected by the height of the different moieties
within the bilayer, the conformation of the lipid molecules,
and the interplay of the affinities for lipid-lipid and lipid-water
interactions. Generally speaking, for the solvent accessible
portions of the lipid headgroups, the lipid-lipid interactions are
in direct competition with the hydration of the lipids, with the
same regions of the headgroup showing similar coordination.
The exception to this is the DOPC PO−4 group, where the
dominant lipid-lipid interaction (with the onium group) occurs
at a different location than the hydration interactions. However,
this does not seem to prevent the phosphate group from being
somewhat dehydrated in the bilayer environment relative to
the solution simulation (Table II). The onium and phosphate
groups are both large and as a result, the bulk of the onium
group seems to restrict the access of water, even though the
site of interaction is different from the site of hydration. This
is highlighted in Table II, which shows that both the phosphate
and onium groups experience significantly less hydration in
the bilayer environment.
The ester groups of DOPC retain similar hydration to
that seen for the C3PC solution,31 i.e., there is no reduction in
hydration upon insertion into the bilayer, and are consistent
with previous investigations.58,59 However, the two esters
show different hydration and lipid-lipid interactions from one
another, due to the different orientation and depth of these
ester groups within the lipid bilayer. The regions of interaction
around the second ester differ, depending on the nieghboring
moiety in question. In the case of moieties found further
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from the bilayer center, such as the phosphate, the onium,
and water, the interactions are distorted in the +y direction.
However, the moieties which are found at a similar height
in the bilayer, such as the ceramide headgroup, do not show
the same level of distortion. It should be noted here that
in the previous MD simulations C==O groups were slightly
undersaturated compared with neutron diffraction data, due to
slight aggregation of the lipids in solution.
The hydration of both the ceramide –OH groups shows
good agreement with the preferred hydration observed in
solution,30 with both systems showing less hydration around
the oxygen atom of the second hydroxyl in comparison to
the first hydroxyl. However, the amide group shows differing
patterns of hydration in the two environments. In the solution
system, the most hydrated regions were located around the
plane of the amide group, but in the bilayer system these
regions experience a large distortion of density out of this
plane. The asymmetry in the hydration of the ceramide amide
group stems from the orientation of the amide relative to the
bilayer, which is a result of the conformational constraint of
having the tails directed towards the center of the bilayer.
Whilst the solution simulations provide important insight
into the hydration of these lipids, ultimately the specific
environment in which the lipid finds itself is likely to have
an effect on the more subtle aspects of the hydration. The
solution simulations provide a very good representation of
the distance range at which the water molecules are likely to
be located and the orientations at which they are likely to be
found, but the more subtle aspects of the hydration such as
the quantitative determination of the level of hydration and
the exact location of the water in three-dimensional space
is not so easy to capture. These more subtle aspects of
hydration are likely to be highly dependent on the specific
local environment and as such will vary between very similar
systems. The incorporation of the lipid into the bilayer seems
to be an important step, as the restricted conformations of
the lipid molecules have a marked effect on hydration. The
specific details of the local environment, such as changing the
lipid composition of the bilayer or the inclusion of proteins,
are likely to play a less significant role in determining the
exact nature of the hydration pattern.
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